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Abstract.  Three methods for automatic detection of mesoscale activity, more than one order of magnitude greater
mesoscale coherent structures are applied to Sea Levéhan that of the mean flow over most of the world ocean
Anomaly (SLA) fields in the South Atlantic. The first method (Richardson, 1983; Chelton et al., 2007).

is based on the wavelet packet decomposition of the SLA In the South Atlantic, in particular, the mesoscale activity
data, the second on the estimation of the Okubo-Weiss pais believed to play central roles in the southward heat flux
rameter and the third on a geometric criterion using thein high latitudes (e.g., de Szoeke and Levine, 1981; Olbers
winding-angle approach. The results provide a comprehenet al., 2004; Mazllof et al., 2010) and the inter-ocean water
sive picture of the mesoscale eddies over the South Atlantiproperties exchanges with the Indian Ocean (e.g., de Ruijter
Ocean, emphasizing their main characteristics: amplitudeet al., 1999; Matano and Beier, 2003; Sebille et al., 2010)
diameter, duration and propagation velocity. Five areas ofand the North Atlantic Ocean (e.g., Fratantoni and Glickson,
particular eddy dynamics were selected: the Brazil Current2002; Jochum and Malanotte-Rizzoli, 2003; Ffield, 2005).
the Agulhas eddies propagation corridor, the Agulhas Cur-Moreover, as presented by Wunsch (1999), eddy-induced
rent retroflexion, the Brazil-Malvinas confluence zone andheat fluxes have been observed to be important in western
the northern branch of the Antarctic Circumpolar Current boundary current regions in the North Atlantic and Pacific
(ACC). For these areas, mean propagation velocities and an@ceans. The role played by such structures in properties
plitudes were calculated. Two regions with long duration transport in the Brazil Current is not completely clear.

eddies were observed, corresponding to the propagation of In the South Atlantic Ocean, most eddy variability stud-
Agulhas and ACC eddies. Through the comparison betweeiies have been focused in the Agulhas Current Retroflection
the identification methods, their main advantages and shortRings (Fu and Zlotnicki, 1989; Gordon et al., 1992; Doglioli
comings were detailed. The geometric criterion presents thet al., 2007) and the Brazil-Malvinas Confluence (Goni et al.,
best performance, mainly in terms of number of detections,1996; Fu, 2007). Although the existence of global estimates,
duration of the eddies and propagation velocities. The resultas in Chelton et al. (2007, 2011), there is not yet a compre-
are particularly good for the Agulhas Rings, which have thehensive assessment of the eddies identification and tracking
longest lifetimes of all South Atlantic eddies. focused in the South Atlantic basin.

The South Atlantic presents optimal characteristics to test
implementations of automatic eddy identification algorithms.
The occurrence of high variability areas, such as the Agul-
has Current retroflection and the Brazil-Malvinas confluence,

Oceanic eddies have been the subject of many experiment&erridors of eddies propagation, western boundary currents
and theoretical studies in the last 40 yr. This is explaineda”d the strongest current system in the world, the Antarctic

by the dominance of the kinetic energy associated to th&Circumpolar Current (ACC), represent important obstacles
to the correct identification and tracking of the structures.

As emphasized by Chaigneau et al. (2008), mesoscale ed-

Correspondence tal. M. A. C. Souza dies can not be extracted from a turbulent flow without a
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(imazeved@ifremer.fr) suitable definition and a competitive identification algorithm.

1 Introduction
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With this in mind, several methods have been proposed fotrasting the results it is possible to identify how the differ-
the identification and tracking of mesoscale structures in theences between this to similar methods impact the obtained
ocean circulation. Classically, such methods can be dividedddy statistics.

into two main groups: one based on physical properties of The objective of the present work is to quantify and char-
the flow and other based in geometric criteria. acterize the mesoscale coherent structures, or eddies, in the
Physical properties can be difficult to estimate. Sincesoyth Atlantic Ocean through the implementation of 3 dif-

they are often related to gradients of the measured sea properent methods for their automatic detection. These methods
erties, errors inherent to the gradient estimations can havegnsist in (1) the estimation of the Okubo-Weiss parameter,
major impact on the final result. Moreover, the establish-(2) the wavelet analysis of the sea surface relative vorticity
ment of thresholds are necessary to determine the eddy lognd (3) the geometric winding-angle criterion. A comparison
cations. Small variations of the thresholds values can havgetwyeen the algorithms results will help to enlighten their ap-
a profound impact on the number and location of the iden-pjicabilities and weaknesses, providing a valuable contribu-
tified structures. One of the most popular methods of thistion for future work.

group is based on the Okubo-Weiss parameter (Okubo, 1970; In the next section the dataset used to the eddies detection

\éVeiss, 1(1991)' This lmetk:jooll havel bee_nt?ppliegl dto bglth satellitg:s presented, together with the processing and simplifications
ata and numerical model results with considerable Succesédopted. The eddy identification and tracking algorithms are

(Isern-Fontanet et al., 2006; Chelton et.al., 2007; Hensorbresented in the Sect. 3, followed by a comparison of their
and Thomas, 2008). A modern alternative method for the

) . ) ) results in Sect. 4. Some conclusions are drawn in the Sect. 5,
detection of eddies using the wavelet analysis was propose\(}fith propositions for future work.

by Doglioli et al. (2007), based on the work of Siegel and

Weiss (1997). This method consists in the decomposition

of the sea surface relative vorticity into orthogonal modes,

or wave packets, that are well localized in both position and2 pata

wave number. The authors applied the method to the Cape
Basin and compared the results with those obtained througl:'-he domain of the present study corresponds to the South

the IohkUbOr;V\r/fiSS parfameter. criteriais | than thtantic Ocean, between the meridians of ¥ and 30 £
Although the use of geometric criteria is less usual than the, | 4 a2 el of P55 and 50°S,

physical ones, recent work have shown significant success in . . .
the identification of mesoscale vortex structures (Penven eth For this region, Sga Surface Height (SSH) data from
al., 2005; Moolani et al., 2006; Chaigneau et al., 2008, 2009).t e AVISO delayeq time reference product were obtained
Such methods assume that eddies consist in quasi-circula(Fom hitp:/www.aviso.oceanobs.comifom January 2005 .
flow patterns, so the shape of instantaneous streamlines c R Decembe_r 2008. It corresponds toa mgrged satellite
be used for the structure identification. To achieve this objecprOdu.Ct’ .prqject(_ad on a T7dhorizontal resolution Merca-
tive, two main techniques can be applied: the “curvature cenlor grid, in time intervals of 7 days (Le Traon et al., 2003;
ter method” (Leeuw and Post, 1995) and the “winding-anglepascual etal., 2006).
method” (Sadarjoen and Post, 2000). The first approach is T0 extract the anomalies (Sea Level Anomalies — SLA)
to locate the eddies by determining the center of the curfrom the original data, local time means were subtracted
vatures in the stream-lines. It presents the same problem&om each grid point. A low pass filter (Hanning with a win-
associated to other point-based methods, with the identifidow of 175 days) was used to remove seasonal and inter an-
cation of false peaks that have to be removed through thé@ual signals. This procedure was particularly important to
use of thresholds or filtering. As demonstrated by Sardojoergliminate the low frequency variations of the oceanic fronts
and Post (2000) and Chaigneau et al. (2008), the Windingpositions. A lanczos filter was applied to eliminate variabil-
angle method arrives to better results than the curvature cerity with length scales larger than 1000 km. This filter offers
ter method, and was selected to represent the geometric cribe best performance in terms of reduction of aliasing, with-
teria in the present study. out compromising the sharpness of the gradients (Turkowski
Chelton et al. (2011) proposed a threshold-free identifica-2nd Gabriel, 1990).
tion method, based on the Sea Surface Heigh (SSH) closed The variance of the resultant SLA is presented in the
contours. This method is similar to the one implemented byFig. 1, where 5 regions of particular eddy dynamics were
Chaigneau et al. (2009) and used in the present study. Thselected. These regions presented the higher values of vari-
term “threshold-free"” refers to the fact that no especific SSHance in the South Atlantic Ocean and correspond to (1) the
value is choosed to represent the eddy boundaries, althoudBrazil Current, (2) the Agulhas eddies corridor, (3) the Agul-
limits are imposed to the eddy amplitudes and diametershas Current retroflexion region, (4) the Brazil-Malvinas Con-
While Chelton et al. (2011) made a global estimative of thefluence and (5) the northern branch of the Antarctic Circum-
eddies trajectories, the present study is focused in the Soutpolar Current System. The geographical limits of the five
Atlantic region and the comparison between methods. Conregions are presented in Table 1.
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Fig. 1. Variance (cn%) of the SLA from AVISO over the years 2005 to 2008. Five areas of particular eddy dynamics are highlighted in
white boxes: (1) The Brazil Current; (2) the corridor of propagation of Agulhas Eddies; (3) The Agulhas Current retroflection region; (4) the
Brasil-Malvinas confluence zone and (5) the northern branch of the Antarctic Circumpolar Current.

Table 1. Limits between regions of particular eddy dynamics in the South Atlantic Ocean and their associated oceanographic features.

Region Latitude Limits  Longitude Limits Mean dynamic feature

1 18 S-36'S 60 W—40 W Brazil Current
2 28 S-36 S 40 W-0@ Agulhas Eddies propagation corridor
3 240 S-42 S -20° E Agulhas Current retroflection
4 36°S-50 S 60 W—40 W Brazil-Malvinas Confluence Zone
5 42 S50 S 40 W-20° E Antarctic Circumpolar Current
3 Eddy identification and tracking algorithms 3.1 Okubo-Weiss parameter

Three methods were applied for the identification of The Okubo-Weiss parametéi) was developed in the
mesoscale eddies in the SLA data: the Okubo-Weiss paramworks of Okubo (1970) and Weiss (1991) and applied to sev-
eter, the wavelet analysis of the relative vorticity field and theeral regions of the world ocean, both to satellite data and
geometry of the streamlines. numerical model results. It is a method that aims to iden-

Surface eddy velocities and relative vorticity needed to betify regions in a flow were the relative vorticity dominates
estimated for the application of the algorithms. Surface eddyover the strain tensors, defined as the center of the eddy. The
velocities can be obtained from the SLA data through theparameter is obtained by:

geostrophic approximation (1): W= 53 Jrssz w2 (3)

ad 0 "
=820 — &9 Q) Through W, the topology of the sea surface velocities can

= u=
fox f oy be divided into three types of regions (McWillians, 1984;
where {, v) are the zonal and meridional surface eddy ve-Elhmaidi et al., 1993; Isern-Fontanet et al., 2006): ellip-
locity componentsy is the SLA, g is gravity andf the Cori-  tic regions v < —Wyp), hyperbolic regionsW > Wp) and
olis factor. The relative vorticity4) can be than calculated, the background field|%| < Wo), whereWy is a threshold
together with the normals{) and shears;) components of magnitude. The eddy core is defined as a region of negative
strain: W (vorticity dominates over strain) surrounded by a region
9 du qu 9y v du of positive W (strain dominates over vorticity). The back-
0= @ Sn=om 5 S5 =57 + @ (2 ground field presents small magnitudes Wf when com-
pared to the eddies cores. Following previous work (Pas-
After the identification of the eddies, the tracking of the quero et al., 2001; Isern-Fontanet et al., 2006; Henson and
structures was made through a algorithm based on the ideaBhomas, 2008), the threshold was definedigs= 0.2ovy,
presented in the study of Penven et al. (2005), and discussesly being the spatial standard deviation &f with the
in the end of this section. same sign of the vorticity of the eddy core. This approach
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gives results very close to those obtained by simply definingSLA modulus, corresponding to the eddy center, encircled
Wo=—-2x 1012572 as the eddies cores contours, as in by a closed contour, the eddy edge. In the present study, we
Chelton et al. (2007). applied the algorithm described by Chaigneau et al. (2009).
The noise in the resulting fields a¥ difficult the iden- The eddy identification process is performed in each time
tification of the coherent structures. To overcome this, westep, or SLA map, through two stages: (1) the identification
applied a low pass spatial filter with a cut length scale of of local SLA modulus maximum corresponding to the eddy
50 km. Some results from the unfiltered fields of the Okubo-centers and (2) the selection of closed SLA contours associ-
Weiss parameter are presented, in order to access the inflated to each eddy. The outermost contour embedding only
ence of the filtering process. Unless otherwise posted, th@ne eddy center is considered as the eddy edge. This method
results from the Okubo-Weiss parameter correspond to thés very similar to the one applied by Chelton et al. (2011),
filtered fields. and showed a good performance in terms of processing time

when compared to other classical methods.
3.2 Wavelet analysis

3.4 Eddy amplitudes and diameters
The identification method based on the wavelet packet anal-

ysis was proposed by Doglioli et al. (2007), inspired by the For the characterization of the eddies and comparison be-
original work by Siegel and Weiss (1997). We applied a ver-tween algorithms, eddy diameters and amplitudes were com-
sion of the routines developed by these authors (WATERS)puted. The eddy diameter was defined as the equivalent di-
for the analysis of numerical model results, and modified forameter P.) of a circle with the same area) as the closed

the identification of structures in relative vorticity fields de- contour delimitating the eddy borders Eq. (4).

rived from satellite SLA data. The method resides in an em-

pirical observation by Farge et al. (1992) and Wickerhauser eth i A 4)

al. (1994) that coherent vortices in 2D turbulence canbe ex- ¢~ "V

plalngq through a small number of the largest wavelet packell_he amplitude is defined as the difference between the max-
coefficients. The wave packets are than used to decompose o
. . . iImum of the SLA modulus inside the eddy and the modulus
the SLA derived vorticity maps and extract localized struc-
. of the SLA at the border.
tures in space.

. o I Eddies with diameters smaller than 50 km were ignored.
The al h f : . .
e algorithm can be divided in five steps In fact, real eddies smaller than this threshold are not cor-
1. a best basis is chosen that minimize the Shannon entectly resolved in the SLA grid.
tropy of the original field;

2. the surface relative vorticity is expanded on this basis; 3.5 Tracking algorithm

3. the wavelets are sorted out as a function of their coeffi-The same tracking algorithm was used for the three identifi-
cients, where only the 10 % largest coefficients are keptcation methods. The eddies central points were determined
In fact, the number of coefficients kept is a critical pa- by the maximum SLA modulus. After identification, the cen-
rameter of the analysis. The 10 % limit is based bothtral points were tracked in time minimizing a dissimilarity

in a series of tests and the bibliography (Doglioli et al., parameter Eq. (5) proposed by Penven et al. (2005).
2007; Rubio et al., 2009);

2 2 2
4. the structures are identified by the maximum of the vor- x, , = \/(ﬂ) + (ﬁ) + (A_5> (5)
ticity modulus encircled by minimum vorticity regions; Xo Ro %o

5. structures with more than six grid cells in common are WhereAX is the distance between the eddéigsande, cen-
merged to eliminate filaments. ters,AR is the diameter difference anti the vorticity dif-
ference. Xy is a characteristic length scale (1000 krR), a
3.3 Geometric criterion characteristic diameter (100 km) afgla characteristic vor-
ticity (10~®s~1). The parameter was calculated for all eddies
This approach is supported by the statement by Robinsomdentified in each time steg), in relation to the eddies in
(1991): the subsequent time steg) which centers are less thaf 2
“A vortex exists when instantaneous streamlines mappedlistant and that have the same vorticity sign.
onto a plane normal to the vortex core exhibit a roughly cir-  Through this parameter it was possible to distinguish be-
cular or spiral pattern (...)” tween new eddies, that are formed or approach the region of
Through this method, the SLA contours are used to detect previously identified structure, and its continuation in time.
the eddies with a modified winding-angle algorithm (Sadar- When no match is found between subsequent time steps,
joen and Post, 2000). The eddy is defined by a maximumnthe tracking algorithm continues searching for the same eddy

Ocean Sci., 7, 31834, 2011 www.ocean-sci.net/7/317/2011/
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Fig. 2. Total number of eddies present in the South Atlantic betweénNHB( E and 50 S-15 S, obtained from the three automatic
identification algorithms, as a function of time. The colors indicate the occurrence of anti-cyclonic (blue) and cyclonic (red) eddies. The
impact of the filtering process in the Okubo-Weiss method can be observed through the reduction in the number of observed structures.
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Fig. 3. Total number of identified eddies per grid point for the three
automatic identification algorithms, normalized by the maximum
number of identifications.
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for another 2 time steps (14 days). This helped avoiding loos-
ing track of the eddies as consequence of problems with the
interpolation of the along track altimetry to a regular grid.

Eddies with lifetimes shorter than four weeks were re-
moved from the analysis.

4 Results and discussions

4.1 Mean properties

We first compare the results from the three identification
methods in terms of the mean eddy properties. As mean
properties we understand the number of identified structures,
their mean diameters and durations.

The total numbers of identified eddies with lifetimes larger
than 4 weeks, for each method, are showed in Fig. 2. Al-
though the Okubo-Weiss method have been reported to have
a high number of false identifications (Isern-Fontanet et al.,
2006; Chaigneau et al., 2008), the wavelet analysis yields
the higher number of identifications. No predominance of
cyclonic or anti-cyclonic eddies is observed through any
method.

It is important to emphasize that the number of identifica-
tions must be considered with care, as it does not reflect the
success or excess of identification. Since visual estimations
of the eddy field, that could provide a “control number”, are
very difficult to obtain in such a large area, auxiliary informa-
tion is necessary to analyze the efficiency of the algorithms.
In the maps of eddy frequency of occurrence in Fig. 3, it is
possible to observe that the spatial distribution of the eddies
retrieved by the Okubo-Weiss and geometric criteria resem-
ble the picture provided by the variance map of Fig. 1, as
should be expected.

Ocean Sci., 7, 3BA-2011
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Fig. 4. Relations between the mean characteristics (duration, amplitude and diameter) of all anti-cyclonic eddies obtained through the three
identification algorithms. In the Okubo-Weiss method results, the black points indicate the unfiltered and the red points the filtered results.

The high number of identified structures for the Wavelet fications caused by small noisy structures, on the other hand
analysis method, spread all over the domain, can be associt reduces the capability of the method to keep track of the
ated to a difficulty of dealing with regions of very different structures for a long period of time. Nevertheless, the filter-
SLA variances. Indeed, one of the hypothesis of the Siegeing is hecessary to avoid the noise to contaminate the mean
and Weiss (1997) work is the isotropy of the eddy field. So,diameter and duration statistics.
it can be speculated that the observed over-identification is a The total numbers of identified eddies, their diameters and
consequence of the wavelet coefficients sorting. When try-durations are presented in Table 2. This table shows that
ing to retain only the 10 % larger coefficients in such an het-the Okubo-Weiss method results in mean diamete35 %
erogeneous area, the method ends up by overestimating thgnaller than the other two identification algorithms. Indeed,
presence of eddies in the less active parts of the analysis daiHenson and Thomas (2008) have reported5®—-60 % un-
main. This would explain the relative homogeneous spatialderestimation of eddy core diameters using the Okubo-Weiss
distribution of the number of identifications. Actually, pre- parameter in the Gulf of Alaska. The smaller difference in
vious work have applied the wavelet method to restricted rethe present work should be a function of the more hetero-
gions, such as the Cape Basin (Doglioli et al., 2007) and theyeneous area, the filtering process and the value offihe
Benguela upwelling system (Rubio et al., 2009). threshold. One should observe that the maximum diameters

The number of eddies tracked in the Okubo-Weiss algo-obtained through this method are very similar to the results
rithm is highly sensitive to the thresholp and the filter-  from the other two algorithms. This indicates that the under-
ing process. As reported by Chelton et al. (2007), smallerestimation of diameters by the Okubo-Weiss parameter is not
values of Wy results in a larger number of eddies tracked homogeneous.
in regions of small SLA variance, but reduces the number Since the relations between the mean properties of cy-
of eddies tracked in regions of high SLA variance. When clonic and anti-cyclonic eddies are very similar, only the later
dealing with very heterogeneous regions, such as the Soutare presented in Fig. 4. The plotted values correspond to the
Atlantic, a compromise or mean threshold value has to banean properties during each eddy lifetime. The longest du-
chosen. Also, the filtering process has an important impactation structures have mean amplitudes smaller than 0.2m
in the number of structures in the Okubo-Weiss method with(with one exception in the geometric criterion results). In
more than 50 % of reduction in the number of identifications. fact, a tendency of amplitude decrease with time is observed
If on one hand the filter reduces the number of false identi-in the three methods results. In general, this can be associated

Ocean Sci., 7, 31834, 2011 www.ocean-sci.net/7/317/2011/
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Table 2. Eddy properties obtained from the three automatic identification algorithms.

Number % of total Mean Max. Mean Max.
identified observed duration duration diameter diameter
eddies eddies (days) (days) (km) (km)

Wavelet cyclonic 5866 50.4 69 490 127 688
anti-cyclonic 5771 49.6 69 504 128 829

Okubo-Weiss  cyclonic 2128 49.53 58 469 87 380
anti-cyclonic 2168 50.47 58 707 85 359

Geometric cyclonic 2820 515 71 679 136 342
anti-cyclonic 2656 48.5 73 826 136 348
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Fig. 5. Relations between the mean characteristics (duration, amplitude and diameter) of all anti-cyclonic eddies obtained from the Chelton
et al. (2011) results in the same region and period of the present study.

to the loss of energy (amplitude) with lifetime observed for the longer durations. A particular good agreement is oberved
the long living structures. As an example, Byrne et al. (1995)with the geometric method. Differently from the methods
estimated that the Agulhas Rings reachWowith ~10% of  analysed in this work, the longer durations eddies tend to
their original amplitude. have diameters around 200 km. This can be a consequence
The relation between duration and diameter is not so clearof the dominance of the Agulhas Rings as the longer dura-
Although the Okubo-Weiss results shows that the larger dulions structures in the South Atlantic, but further analysis is
ration eddies have mean diameters of approximately 100-hecessary to confirm this hypothesis.
150 km, the same is not clear in the geometric criterion and The automated tracking algorithm is an important aspect
Wavelet analysis results. This is particularly true for the anti-that can be related to the longer duration of the eddies
cyclonic eddies, where the geometric criterion method showsberved by Chelton et al. (2011). The method applied by
highly variable long living eddies mean diameters. these authors uses a zonally oriented elliptical search area
Similarly, it is possible to observe a tendency of mean for the continuation of the eddies. The size of the ellipse is
amplitude increase with the mean diameter increase ifelated to the velocity propagation of non-dispersive Rossby
the Okubo-Weiss and geometric criteria results, althoughvaves, with a minimum value of 150km. A wide range of
the small amplitude eddies present a large range of meaMariation of the eddy properties is permitted between con-
diameters. secutive time steps, without the estimation of the similarity.

The filtering process does not have an important impact inthough the fixed search area used in the present study does
the properties relations in the Okubo-Weiss method. How-not take into account the variation of the eddy propagation

ever, some of the longer duration structures are lost due t§€0cities, the dissimilarity parameter promotes a better sep-

the filter. This is of great interest when trying to track partic- &ration between different structures. _ .
ular long living structures, as the Agulhas Rings. The geographical distribution of the eddies mean diame-

The same eddy properties were calculated from the re_ters resolved by the Wavelets and geometric criteria are very
sults of Chelton et al. (2011), for the region and period of similar, although the second shows slightly higher values

the present study (available http://cioss.coas.oregonstate. (Fig. 6). l_:or both m.ethods, I.arger (smaller) diameters are
edu/eddied/and are presented in Fig. 5. The relations be_observed in lower (higher) latitudes, as should be expected

tween the amplitudes and the eddies durations and diametePé’ the variation of the Rossby deformation radius.
follow the same pattern of the previous methods, althougth

Www.ocean-sci.net/7/317/2011/ Ocean Sci., 7, 3BA-2011
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smaller structures, the relation between diameter and latitude
keeps unchanged.

The Chelton et al. (2011) results present diametdi8 %
larger in high latitudes (south of 3®) than the present study.
This can be an influence of the Brazil-Malvinas convergence
zone and the Agulhas Current retroflexion, since these au-
thor results indicate the presence of large structures in these
areas as a function of the presence of closed SSH contours.
A similar characteristic is oberved for the Okubo-Weiss pa-
rameter based method, generating a coincident bump in the
mean diameters at 4@ related to the Brazil-Malvinas con-
Fig. 6. Mean eddy equivalent diameters (km) in the formation mo- fluence (Fig. 7). In fact, in Chelton et al. (2011) a maximum
ment, as derived from the three identifications algorithms. Thethreshold of 400 km is established for the eddy diameters at
black contours indicate intervals of 50 km. this latitude. It can be argued that this value is too large to

prevent a contamination from the confluence front position

. . . in the eddy identification results.

The same pattern is not observed in the Okubo-Weiss g the maps of duration or lifetime of the eddies, cal-
method re_sults. In .th's algorlthm the eddy Q|ameters. S€€Mylated in relation to their first observation (or origin) points
to be function of their energy, with larger eddies occurring in (Fig. 8), two regions should be highlighted. These corre-
the Brazil-Malvinas confluence and the Agulhas retroflectionsponol to the Agulhas Current retroflexion and the Antarctic
—whgre .h|gher SLA variability is observed (se;e Fig. 1). Circumpolar Current (ACC), where the larger duration ed-
_ This difference between the three methods is demonstratejes have their origins. The Agulhas region is particularly
in the zonal mean eddies diameters in Fig. 7, where the rég o, 4t the eastern part of the domain in the Okubo-Weiss
sults obtained by Chelton et al. (2011) are also presented. 18,4 geometric criteria results, with similar eddy durations.
this figure, we observe that the eddies tracked through the ge, the results from the Wavelet analysis, smaller durations
ometric criteria present a relation between the diameter and o ghserved. This can be associated with a better perfor-
the latitude very close to the curve of the first baroclinic mode ., nce of the two previous methods in keep the track of the
Rossby deformation diameter (Rd — two times the Rossby degycqyres. The ACC region is not clear in the Okubo-Weiss
formation radius). This characteristic is reflected in the MeaNyethod results after filtering, what can be function of the
diameter presented in Table 2, with the geometric criteriongy | giameter expected for the structures in this area. It

results showing higher values. The wavelet analysis resultgg important to emphasize that the same tracking algorithm
show an almost linear relation between latitude and diameterWas used in all identification methods. so the observed dif-

with a smaller inclination relative to Rd. The Okubo-Weiss ferences reflect identification failures
zonal mean diameters are almost constant with latitude. Al-
though the filtering of the Okubo-Weiss results eliminate the

i s o § o A L
BOOW 400 200 oe 20°E
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Fig. 8. Eddy lifetimes (days) at their birth points. The color con- ainad from the three identification methods.

tours indicate the duration of the identified eddies plotted in their

first observation locations. The black contours represent intervals

of 100 days. cal wind-driven circulation gyre. The eddies propagate west-
ward through most the domain. The only exceptions are the
ACC eddies, that are advected eastward by the strong mean
flow as noted by Hughes et al. (1998).

Itis interesting to observe that, for the three identification The h|gher Ve|ocities are observed in the north of the do_
methods, the origin points of the Agulhas eddies are not exmain, and can be associated to the Agulhas eddies corridor
aCtly in the retroflexion. This is an indication that the eddies _ between the Agu|has Current retroflection and the South
have been tracked only after detaching of the Agulhas Curamerican coast, around 38. Regions of high velocities far-
rent. Similar results were obtained by Byrne et al. (1995) antther north are a consequence of the small number of identi-
Schonten et al. (2000) when tracking Agulhas Rings (anti-fied structures, generating an overestimation of the propaga-
cyclonic eddies) in SLA satellite data, and by Chelton ettjon velocities. The area of large velocities in the south re-

al. (2011). flects the influence of the ACC on the propagation of eddies.
The large northward propagation velocities observed in the
4.2 Propagation velocities southwest part of the study domain reflect the influence of

the Malvinas Current and the eddies originated in the Drake
Using all the tracks from eddies with durations larger thanPassage zone. Indeed, several studies treated the baroclinic
4 months, it was possible to generate maps of mean propistability of the ACC in Drake and the formation of eddies in
agation velocities (Fig. 9). The geographical pattern ob-this region (Gallego et al., 2004; Rintoul et al., 2001; Wright,
tained from the three methods are similar, presenting a zon&981). These eddies play a important role in the flux of en-
of minimum velocities centered in 4%. From this mini-  ergy and properties between the Pacific and Atlantic oceans.
mum axis, velocities increase both to the north and to the This geographical distribution of propagation velocities
south, with directions following the anti-clockwise subtropi- is in concordance with the study of Fu (2006), that used
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Table 3. Mean eddy propagation velocities for the five areas of particular dynamics highlighted in Fig. 1, obtained from the results of the
three identification methods.

Eddy propagation velocities (km day)

Region1l Region2 Region3 Region4 Region5

Wavelet cyclonic 3.36 2.89 2.63 2.02 211
anti-cyclonic  3.26 3.04 2.43 1.99 2.02
Okubo-Weiss  cyclonic 3.01 3.44 3.48 1.89 2.06
anti-cyclonic  2.68 3.5 3.21 1.88 2.04
Geometric cyclonic 3.98 4.88 3.61 2.69 2.99
anti-cyclonic  4.45 4.99 3.78 2.62 2.96

a space-time lagged correlation analysis to characterize th4.3 Long-lived eddies
pathways and propagation velocities of eddies in the South
Atlantic Ocean. However, comparisons must be done withThe analysis presented to this point reflects the mean eddy
care since this author considered all perturbations to théehavior. Although this view provides an important compari-
mean state as eddies, while the present study focuses on tisen between identification methods, it may hide some impor-
coherent structures, or vortices. The zone of high veloci-tant differences relative to the long-lived structures. These
ties observed by Fu (2006) in the Brazil-Malvinas confluenceeddies are of particular interest due to their important contri-
can be associate to short living eddies or other processes thatitions to the eddy fluxes across the basin, their large partic-
are excluded from the present analysis. The same hypothesipation in the total variance and particular role in the inter-
can be made to the area of the Agulhas Current retroflectionhasin water exchanges (Doglioli et al., 2007; Richardson,
where the method applied by Fu (2006) included the curren2007; Sebille et al., 2010).
meanders and the vortex structures before pinching off the From the maps of Fig. 8, two regions of larger duration
retroflection. eddies where selected for further analysis. Only eddies with
Although similar in terms of distribution, the absolute val- lifetimes larger than 120 days-¢ months) were used to en-
ues of the velocities differ between the methods. The geosure that all identified structures leave the formation region.
metric criterion presented overall larger velocities than theThe Agulhas eddy formation area was defined between the
other two. For a suitable comparison, mean values of velocimeridians of © and 20 E and the parallels of 48 and
ties in the five areas highlighted in the Fig. 1 where calculated30° S, while the Antarctic Circumpolar Current (ACC) ed-
(Table 3). dies area was defined between the meridians 6M2@&nd
In fact, although the three methods mean propagation ve@° and the parallels of 505 and 40 S. The eddy tracks orig-
locities are similar, an important exception is observed ininated from these regions are presented in the Fig. 10 and the
the Agulhas eddies propagation corridor (Region 2). Pre-eddy mean characteristics in the Table 4.
vious work has reported values of velocities for the Agul-  The method based in the wavelet analysis and the filtered
has Rings (anti-cyclonic Agulhas eddies) ranging betweerfields of Okubo-Weiss parameter were less efficient in track-
3.71km day! (Byrne et al., 1995), 4.3-6.9km day(Gor-  ing the Agulhas Rings (anti-cyclones) across the South At-
don and Haxby, 1990), and 7-8km ddy(Garzoli et al.,  [antic Basin. While the geometric criterion was able to keep
1999). The velocities from the geometric criterion results track of several eddies farther than°3®, as done visually
(4.99km day™) are in the range of the bibliography, while by Gordon and Haxby (1990), the Okubo-Weiss method had
the other two methods present smaller values. this level of success in only one occasion, without the appli-
Using the eddies tracks obtained by the geometric metho@ation of the filter.

as areference, it was possible to observe that the other meth- The “fragmentations” of the eddy tracks in the wavelet
ods were able to identify the same structures. Although theynalysis method are consequence of failures of identification
track lengths obtained through the Okubo-Weiss parametef, three or more consecutive time steps, or more than the 14
and Wavelet analySiS were Shorter than those Obtained by th&ays used to Search for the tracks Continuity_ Such fragmen_
geometric criteria, the mean propagation velocities were thqation is associated not only to the shorter observed tracks,
same, as one would expect. but contribute also to the homogeneous distribution of iden-
tifications relative to the other methods (see Fig. 3) and to the
higher total number of structures.
The numbers of Agulhas Rings obtained from the three
methods are very similar. In the Okubo-Weiss parameter
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Table 4. Long-lived eddy properties obtained from the three identification algorithms. In the Okubo-Weiss results, the upper (lower) lines
refer to the filtered (unfiltered) results.

N. Mean Max. Mean Max. Mean Max.

ident.  dur. dur. Amp. Amp. diam. diam.

(days) (days) (m) (m)  (km) (km)

Wavelet Agulhas  cyclonic 54 170 294 0.09 0.27 137 431
anti-cyclonic 50 193 448 0.11 0.61 142 418

ACC cyclonic 83 183 434 0.06 0.19 119 448
anti-cyclonic 94 1674 462 0.05 0.19 112 348

Okubo-Weiss Agulhas cyclonic 07 153 224 0.11 0.19 92 133

33 169 392 0.09 056 61 150
anti-cyclonic 17 224 448 0.13 0.37 102 177
43 228 896 009 044 71 168

ACC cyclonic 19 147 196 0.09 0.19 92 172
88 183 686 0.05 016 51 125
anti-cyclonic 9 157 203 0.08 0.23 100 163
82 173 462 0.05 0.15 58 151
Geometric Agulhas  cyclonic 43 146 252 0.1 0.42 155 319
anti-cyclonic 40 295 826 0.09 0.59 156 289
ACC cyclonic 58 194 483 0.04 0.14 121 237

anti-cyclonic 44 174 518 0.04 0.14 124 200

results, the filtering process presented an important impact ifiact, Boebel et al. (2003) revealed that the Cape Basin off
the reduction of the number of tracked structures, their duraCape Town is filled with Agulhas Rings and cyclonic ed-
tions and diameter. Although the filtering prevents the track-dies interacting with each other, and a similar behavior is ob-
ing of small structures, it clearly reduces the efficiency in served through the trajectories obtained in the present work.
keeping track of the longer living eddies that crosses the At-As described by Matano and Beier (2003), the Agulhas cy-
lantic Basin. The same was observed by Chelton et al. (2011¢lone mean diameters were observed to be generally smaller
when comparing the results to their previous work (Cheltonthan the anti-cyclones.
etal., 2007), where the Okubo-Weiss parameter was used.  Despite the short time period of four years used, it is pos-
Considering only the Agulhas Rings that cross tle 0 sible to observe a seasonal variability in the formation of the
meridian in the geometric method results, leaving the for-long-living Agulhas anti-cyclonic eddies (Fig. 11). There is
mation region, approximately 4.5 eddies were observed ta higher number of Agulhas Rings formed in the summer and
be shed each year. Such rings present a mean diameter wfinter months, with a detached participation of the month of
166 km. These results are in agreement with the literaturePecember. The same is not observed for the cylones, that
which propose that a ring is typically shed from the Agul- presented more homogeneous formation rates along the year.
has retroflection every 2—3 months with a typical diameter Inthe ACC eddies formation region, both the cyclonic and
of 150-200km (Byrne et al., 1995; Beismann et al., 1999;anti-cyclonic eddies show very diffuse tracks. In general, ed-
Schonten et al., 2000; Van Aken et al., 2003; de Steur et al.dies present a eastward propagation following the main flow.
2004; Doglioli et al., 2007). This is better evidenced in the geometric criterion and fil-
For the Agulhas cyclones, the results exhibit a large vari-tered Okubo-Weiss parameter results. In fact, the ACC was
ation between the number of identified structures by eactihe only region where Chelton et al. (2011) were able to iden-
method. These cyclones are believed to play a importanttify long-living (>16 weeks) eastward propagating eddies in
though secondary, role in the inter-basin ocean waters exthe southern hemisphere.
change. They have been reported to travel southwestward Mesoscale activity is believed to play a central role in the
into the South Atlantic and trigger the pinching off of Agul- maintenance of the frontal structures of the ACC (Karsten
has Rings (Lutjeharms et al., 2003). The trajectories repreand Marshall, 2002) and in the southward flux of heat and
sented in Fig. 10 show that most cyclonic eddies do not leaveleep water masses as part of the Atlantic meridional over-
the proximity of the Cape Basin. Even those that follow a turning circulation (MOC) (de Szoeke and Levine, 1981,
westward trajectory similar to the anti-cyclones do not haveNowlin and Klinck, 1986; Phillips and Rintoul, 2000). Few
their longevity, never reaching longitudes west of Y2 In studies, however, have estimated the eddy tracks and natures.
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408 i T higher than 120 days and that cross tRenferidian, leaving the
B0 40 20 0° 20°E formation region.
The eddies in the ACC region are smaller and less intense
18% than in the Agulhas region (Table 4). As observed in the
24% mean results, the Wavelet analysis presented a higher number
30°5 of structure identification, followed by the unfiltered Okubo-
35% Weiss parameter. The underestimation of the eddy diame-
%% ters by the Okubo-Weiss parameter is also reproduced in this
case. In opposition to the Agulhas eddies, there is no clear
455 difference between the ACC cyclonic and anti-cyclonic eddy
track lengths in Fig. 10. While the mean eddy durations ob-
tained for the three methods are similar, the maximum values
presented important differences. Again, the wavelet analysis
s present the smaller Iifetimes. AIthough_the_maximum du_ra-
24%% tion value for a cyclone in the ACC region is de_tected with
the Okubo-Weiss parameter, it represents an isolated case
30%8 where the method merged two subsequent structures. Sim-
3675 ilarly to the Agulhas Rings, the ACC anti-cyclones presented
43%5 a seasonal cycle in the formation rate. The same is not truth
i for the cyclones (Fig. 12).
48 As noted by Morrow et al. (2004) and Chelton et

al. (2011), the anti-cyclones present a small northward de-

Fig. 10. Track of the long-lived eddies (duraticnl2 weeks) origi- erCtiqn in their propag_ation dire_ction. This tendgncy is more

nated in the Agulhas retroflection (northeastern black rectangle) an&lear in the Agulhas Rings than |.n the ACC eddies. AlthQUQh

Antarctic Circumpolar Current (southwestern black rectangle). Theth€ €xpected southward deflections of the cyclones trajecto-

blue lines indicate cyclonic and the red lines anti-cyclonic eddies. fi€s are not clear in the results obtained by any method, the
difference from the anti-cyclones pattern is notable. This
should be a consequence of the shorter duration of the cy-

It is important to emphasize that the ACC eddy formation re-clones resolved by the identification and tracking algorithms.

gion defined in the present study refers only to the larger du-

ration structures observed in the South Atlantic. Eddies tha#t.4 Agulhas Rings decay

enter the Atlantic basin through the Drake passage or leave

the basin to the east have their lifetimes underestimate due t¥he results in this section refer to the Agulhas Rings, that

the domain restrictions. present an amplitude decay with lifetime well documented
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indicates a reduction of 9.3310-°>m day ! in the eddy am-

plitudes. Similarly, a modification in the eddies diameter is

observed along their lifetime. Through the linear fit, a rate

of 5.54x 10-2km day ! diameter increase was calculated

Fig. 13. Amplitude of Agulhas eddies as a function of the distance (Fig. 15).

from their first identification site. Tha)(indicate the results from

the Wavelet analysis identification method, thetiie results from 4.5 Time variability

the Okubo-Weiss parameter and thetlje results from the geomet-

ric criterion. The regions of particular eddy dynamics, highlighted in

Fig. 1, were used to study the time variability of the

) - , eddy characteristics obtained through the three identifica-

in the bibliography (Byrme et al., 1995; Sebille et al., 2010). yjon"methods. Since all eddies identified were included in

Such (_:haractensnc were not observed for the e_dd|es ONflthe analysis, the results include the influence of the different

nateq in the ACC region. All the obser_ved long-lived Agul- , ,mber of eddies obtained by each method.

has rings were used in the present estimates. From the time series of root mean squared amplitudes
The three identification methods give similar eddy decayyresented in Fig. 16 it is possible to observe that, although

results (Fig. 13). Despite the differences in eddy durationse gimilar variability between the three methods, the results

the exponential character described by Byrne et al. (1995) i$;om the Okubo-Weiss parameter presented higher ampli-

observed for the anti-cyclones (Agulhas Rings). The authorg,qes than the other two. This is particularly clear to the

have calculated a 81 % amplitude reduction for the Agumasregions 2 and 5, corresponding to the Agulhas and ACC ed-

Rings during its life. The present results show that, based iryjog propagation corridors. In fact, as can be observed in

the geometric criterion, an 83 % amplitude reduction shouldip o Tapje 4, the filtered Okubo-Weiss parameter resulted in

be expected for a typical Agulhas Ring between its origin and ger mean amplitudes for the Agulhas eddies. This is a con-

end of lifetime. _ _ _ sequence of the removal of the weaker structures. The same
‘Although the exponential decay relation observed incan not be observed for the ACC eddies since most structures

Fig. 11, a linear fit can be used to estimate the mean dej, the region have short durations, and do not participate in

cay rate of a typical Agulhas Ring (Fig. 14). The geometric ye calculations of Table 4.

criterion results were selected for showing a larger number

of eddies with long durations. The mean decay rate obtained

T000_is0 200 20 000 30 4000 a0 5 o
Distance from the origin (km) Distance from the origin (km)
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Fig. 16. Mean eddy amplitudes (m) for five areas of particular high SLA variance in the South Atlantic Ocean. Note the amplitude scales
are different between the figures due to the distinct values presented by the regions. The blug imtksate the results from the Wavelet
analysis method, the red lines)(the results from the Okubo-Weiss parameter and the black lir)aké results from the geometric criterion.

Analyzing the spectra of the eddy amplitudes in the studies (e.g., Meredith et al., 2006; Thompson and Wallace,
Fig. 17, itis possible to observe that the main variability fre- 2000; Thompson et al., 2000) relate the sub-seasonal vari-
quencies are reproduced by the three methods. Larger difability in the SLA field in the Southern Ocean to the South-
ferences in the spectral energy content occurs in the Agulhasrn Hemisphere Annular Mode. More analysis, which are
eddies propagation area (Region 2) and the Brazil-Malvinadeyond the scope of this study, are necessary to confirm this
Confluence zone (Region 4). In the first case the differenceelationship.
can be explained by the larger number of long living eddies
tracked through the geometric criterion. Indeed, a secondar
spectral peak of 66 days in the Region 2 spectrum can b
associated to the periodicity of the Agulhas Rings shedding
as this is the major feature influencing the SLA variability in
this area.

A particularly good agreement between the spectra fro

Conclusions

From the results of three automatic eddy identification meth-
ods it was possible to quantify the presence and characteris-
tics of coherent mesoscale structures in the South Atlantic.

he comparison between the methods provided a estimation

;hﬁl.gra.;/egt;gzg‘:‘;]z ir;?];h% rg;c;?:ftggn?;.t:é'gg dcinggsn?’ange for the number of eddies, their diameters, amplitudes,
imifarity Vi ! i uctures 1 roropagation velocities and lifetimes. Although the number

bOt.h methods. From these results one can obs.erv.e that, whi f structures differs between the methods, their characteris-
region 2 is the only one that presents a dominating annu

cycle, regions 4 and 5 show coherent peaks caresponding técs and temporal variability are similar. Indeed, the good
the periods of 98 and 183 days. greement between the spectra of eddy amplitudes, presented

o X in Fig. 17, is a indication that the major structures were de-
Th? coincidence of the Region _5 (ACC) 183 day_SpeCtraltected by all the methods along the four years considered in
peak in the three methods results is remarkable. This denote&s\e present study;

the influence of a dominating mode of variability. Some
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Fig. 17. Eddy amplitude time spectra énfor five regions of particular high SLA variance in the South Atlantic Ocean. The blue lines (
indicate the results from the Wavelet analysis method, the red lijghé results from the Okubo-Weiss parameter and the black lies (
the results from the geometric criterion.

It is interesting to observe that the three methods givebased on the wavelet analysis could not retrieve the same ge-
similar number of cyclone and anti-cyclone identifications. ographical pattern.
Moreover, no inter-annual variation is observed in the num-
ber of eddies between 2005 and 2008. This may be a consdéerms of eddy identification and tracking. The eddy char-
acteristics from this identification method presented the bet-
ter level of agreement with the other two algorithms and the
1. the short time length of the SLA data used in the presentyjpliography. Particularly, eddy diameters show a good re-

lationship with the first baroclinic mode Rossby deformation

quence of:

study;

The geometric criterion presented the best performance in

radius. Moreover, the time length and propagation velocities
obtained through the geometric criterion are in close agree-
ment with previous work.

The areas of higher SLA variance could be related to the Although the application of a spatial filter was necessary
presence of coherent structures. The same pattern of ged? 'emove small scale noisy structures from the Okubo-Weiss
graphical distribution is observed in the map of SLA vari- Parameter results, it had serious consequences on the track-
ance (Fig. 1) and the number of identified eddies (Fig. 3) in'n9 ©f the long living eddies. This is well manifested in the
the Okubo-Weiss parameter and geometric criterion resultsSMall number of Agulhas Rings tracked after filtering, and
However, a direct link between the SLA variance and numbert€i short durations in comparison to the geometric crite-
of eddies is not possible, since the variability in high energyon and the bibliography. The unfiltered parameter presents
areas is consequence of several different processes. This §00d results in terms of the duration of the eddies, but fails

particularly the case in the Agulhas Current retroflexion and©n represent their mean diameters and arrives to small values

the Brazil-Malvinas confluence, in the South Atlantic Ocean. ©f Propagation velocities.

Although the variance in these areas is considerably higher, FOr the wavelet analysis method, although the velocities
the number of identified structures is similar to the Agul- and diameters are well represented, the duration of the struc-

has eddies corridor and the ACC. The identification methodfUres are underestimated.

2. the number of eddies computed for the South Atlantic
basin as a whole, masking local variations.
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The present results corroborate the hypothesis by Cheltohelton, D. B., Schlax, M. G., and Samelson, R. M.: Global Ob-
et al. (2007) that most variability in the middle of the oceanic  servations of Nonlinear Mesoscale Eddies. Prog. Oceanogr., in
basins is associated with mesoscale coherent structures. In pressdoi:10.1016/j.pocean.2011.01.0@D11.
the South Atlantic such variability is strongly associated to D€ Ruijter, W. P., Biastoch, A., Drijfhout, S. S., Lutjeharms, J. R.

the propagation of Agulhas eddies, with the anti-cyclones 5\}'.'\"'??1“0::- P., Pichevin, T., Va; Leetljvlgen, P. J., and Weijer,
(Agulhas R|ngS) playlng a Ieading role. .. Indian-Atlantic interocean exchange: Dynamics, estimation

oth d thods to identi h t struct . andimpact. J. Geophys. Res., 104(C9), 20885-20910, 1999.
er modern methods to identify coherent structures Npe Steur, L., Van Leeuwen, P. J., and Drijfhout, S. S.: Tracer leak-

turbulent flows have been suggested. As an example, Hua ,4e from modeled Agulhas rings, J. Phys. Oceanogr., 34, 1387—
and Klein (1998) have proposed a method based in the La- 1399, 2004.

grangian acceleration tensor, overcoming the Okubo-Weis®e Szoeke, R. A. and M. D. Levine: The advective flux of heat by
parameter deficiencies and better representing the flux topol- mean geostrophic motions in the Southern Ocean, Deep-Sea Res.
ogy in the case of decaying two-dimensional turbulence. 1, 28A, 1057-1085, 1981.

Other method is based in the instantaneous Lagrangean floRoglioli, A. M., Blanke, B., Speich, S., and Lapeyre, G.: Tracking
geometry through the Lyapunov function (Haller, 2005). Al- coherent structures in a regional ocean model with wavelet anal-
though the potential benefits, there is no application to real YSiS: Application to Cape Basin eddies. J. Geophys. Res., 112,
oceanic eddies present in the peer reviewed literature. C05043,0i:10.1029/2006]C003952007.

. .. Elhmaidi, D., Provenzale, A., and Babiano, A.: Elementary topol-
Although the SLA data used in the present work permit- ogy of two-dimensional turbulence from a Lagrangian viewpoint

ted the surface localization and delimitation of the eddies, anq single-particle dispersion. J. Fluid Mech., 257, 533-558,
the lack of knowledge about their vertical structure presents 1g93.

a strong barrier in the estimation of their role in the oceanicrarge, M. E., Goirand, Y., Meyer, Y., Pascal, F., and Wicker-
heat and water masses fluxes. New global in-situ observa- hauser, M. V.: Improved predictability of two-dimensional tur-
tions, such as the ARGO profiling floats, should provide a bulent flows using wavelet packet compression, Fluid Dyn. Res.,
means to better estimate their vertical structure. The com- 10, 229-250, 1992.

bination of the eddies tracks obtained in the present studyfield, A.: North Brazil Current rings viewed by TRMM Mi-
with vertical profiles should provide new estimations for the ~ crowave Imager SST and the influence of the Amazon Plume,

oceanic eddy fluxes and will be addressed in future work. _ Deep-SeaRes. |, 52, 137-160, 2005. .
Fratantoni, D. M. and Glickson, D. A.: North Brazil Current

Ring generation and evolution observed with SeaWifs, J. Phys.
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